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S U M M A R Y
Background: Severe fever with thrombocytopenia syndrome (SFTS) is an emerging infectious disease
caused by a novel bunyavirus. The spatial distribution has continued to expand, while the areas at
potential high risk of SFTS have, to date, remained unclear.
Methods: Using ecological factors as predictors, the MaxEnt model was ﬁrst trained based on the
locations of human SFTS occurrence in Shandong Province. The risk prediction map of China was then
created by projecting the training model onto the whole country. The performance of the model was
assessed using the known locations of disease occurrence in China.
Results: The key environmental factors affecting SFTS occurrence were temperature, precipitation, land
cover, normalized difference vegetation index (NDVI), and duration of sunshine. The risk prediction
maps suggested that central, southwestern, northeastern, and the eastern coast of China are potential
areas at high risk of SFTS.
Conclusions: The potential high risk SFTS areas are distributed widely in China. The epidemiological
surveillance system should be enhanced in these high risk regions.
 2014 The Authors. Published by Elsevier Ltd on behalf of International Society for Infectious Diseases.
This is an open access article under the CC BY-NC-SA license (http://creativecommons.org/licenses/by-
nc-sa/3.0/).
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Severe fever with thrombocytopenia syndrome (SFTS) is an
emerging infectious disease caused by a novel Phlebovirus genus in
the Bunyaviridae family, which was ﬁrst identiﬁed in 2009 in rural
areas of Hubei and Henan in China.1 The clinical presentations of
most patients are characterized by symptoms including high fever,
thrombocytopenia, leukocytopenia, gastrointestinal symptoms,
and lymphadenopathy. Although most patients experience no
symptoms during the incubation period, the clinical condition in
patients with severe disease may progress quite rapidly and end in
multiorgan dysfunction and intravascular coagulation.2 The
disease showed an unusually high fatality rate of 30% when ﬁrst
identiﬁed,1 and subsequent reports from several regions have
illustrated a case fatality rate ranging from 0.0% to 23.8%.3 The
clinical symptoms of SFTS are nonspeciﬁc and are difﬁcult to
distinguish from those of human anaplasmosis, hemorrhagic fever* Corresponding author. Tel.: +86 531 8838 0280; fax: +86 531 8838 0280.
E-mail address: liu-yx@sdu.edu.cn (Y. Liu).
http://dx.doi.org/10.1016/j.ijid.2014.04.006
1201-9712/ 2014 The Authors. Published by Elsevier Ltd on behalf of International So
license (http://creativecommons.org/licenses/by-nc-sa/3.0/).with renal syndrome, and leptospirosis. Thus, SFTS is likely to be a
fatal disease if left untreated or treated inappropriately, especially
when confused with other diseases.
The limited published data on the epidemiological character-
istics show that the majority of SFTS patients have been farmers
living in wooded and hilly areas with a history of outdoor work
before disease onset. The disease shows an obvious seasonal
variation, starting around March, peaking between May and July,
and ending around November.3 SFTS cases ﬁrst emerged in Henan
Province in 2007, and when the virus was ﬁrst identiﬁed in 2009,
six provinces in Central and Northeast China had discovered SFTS
cases; by the end of 2011, at least 11 provinces in China had
reported the occurrence of SFTS according to the surveillance data,
showing an expanding tendency of the endemic areas. SFTS
patients have recently been reported in South Korea and Japan.4,5
Although several studies have reported that there is a risk of
SFTS virus (SFTSV) being transmitted from person to person
through contact or exposure to patient blood,6–8 most SFTS cases
have shown a sporadic distribution without evidence of human-to-
human transmission. The tick is believed to be a candidate vector
species of SFTSV, and Haemaphysalis longicornis, which has beenciety for Infectious Diseases. This is an open access article under the CC BY-NC-SA
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China and has a broad host range.9 Therefore, it has been classiﬁed
as a tick-borne disease of natural infectious focus that may be
affected by ecological factors.1
Given the fact that neither speciﬁc treatment nor a vaccine is
yet available, SFTS may pose a huge threat to public health,
especially for farmers and travelers. Consequently, it is very
important to identify those areas at potential high risk of the
disease in China in order to conduct effective regional prevention
and control strategies.
In this study, we sought to identify the potential high risk areas
for SFTS in China using an ecological niche model (ENM) under the
framework of a geographic information system (GIS). The ENM was
developed based on the ecological niche theory.10 The ecological
niche of a species, which was ﬁrst presented by Joseph Grinnell in
1917, is the set of conditions permitting it to maintain populations
without the immigration of individuals from other areas.11,12 The
ecological niche model contains a suite of models that can develop
a quantitative picture, characterizing a species’ potential distribu-
tion, based on the idea that the known occurrence of a species can
be related to raster geographic datasets summarizing the factors
that likely inﬂuence the suitability of the environment for the
species across the occurrence landscapes.13 It has been utilized by
researchers as a powerful tool to characterize the ecological
distribution of species, to identify the habitats of undocumented
diseases, and thus to anticipate the areas at high risk for disease
occurrence.14 By using the maximum entropy ENM15 with MaxEnt
software version 3.3.3k (http://www.cs.princeton.edu/schapire/
maxent/), the initial ENM was ﬁrst trained based on the locations of
human SFTS occurrence and ecological variables in Shandong
Province. The predictive potential high risk map of mainland China
was then created by projecting the training model onto the whole
country. Furthermore, the performance of the model was assessed
using the known locations of disease occurrence in China.
2. Materials and method
2.1. Human SFTS occurrence data
Shandong Province, located in eastern China between latitude
348250–388230 and longitude 1148360–1128430, which has been
reported to be a main endemic region of SFTS, was selected as the
training area to construct the initial training MaxEnt model. Data of
known human SFTS cases in Shandong Province during January
2010 to April 2013 were obtained from the China Information
System for Disease Control and Prevention (CISDCP). Data included
sex, age, residential address, and personal disease characteristics.
In this study, a human SFTS case was deﬁned in the presence of
both clinical diagnosis criteria and laboratory conﬁrmation
criteria, in accordance with the Chinese SFTS diagnosis and
treatment guidelines (Ministry of Health, China, 2010). SFTS cases
were ﬁrst detected by a sentinel surveillance system in the local
medical institutions and were quickly reported, within 24 h,
through a national internet-based surveillance system for com-
municable diseases (http://1.202.129.170/). All records were geo-
referenced using the patient’s residential village center as the
occurrence point by consulting Google Maps. Three hundred and
twelve occurrence locations with 416 SFTS cases were used to train
the model. Provinces with known SFTS occurrence records in China
were identiﬁed by referring to several published articles.1,16,17
2.2. Environmental data
Environmental data from within China were downloaded as
detailed below.Climate data were derived from the China Meteorological Data
Sharing System (http://www.cdc.cma.gov.cn/home.do), which
included climate data from 722 ground meteorological stations
throughout mainland China during 1990–2011. Of the numerous
monthly and annual variables in the datasets, we chose annual
mean temperature, annual mean precipitation, annual mean
relative humidity, annual mean air pressure, annual mean vapor
pressure, and annual mean solar radiation hours to represent
annual average climate characteristics. The January mean temper-
ature, January mean precipitation, January mean relative humidity,
July mean temperature, July mean precipitation, and July mean
relative humidity were recorded to standardize the seasonal
variation in meteorological conditions, on the basis of suggestions
from researchers and ﬁeld epidemiologists who have studied SFTS
for years, as well as the results from some of our initial model
selection. To meet the data format requirement of the MaxEnt
software, the kriging interpolation method18 was used to generate
1-km resolution raster layers for each of the climatic variables
based on the weather station point data by ArcGIS 9.3.
Elevation data were obtained from WorldClim (http://
www.worldclim.org).19
The European Space Agency (ESA) GlobCover data, a global land
cover (LC) layer with native resolution of 300 m, was provided by the
Database of Global Change Parameters, Chinese Academy of
Sciences (http://globalchange.nsdc.cn); this was the only categorical
variable in the study. It was then re-sampled to a pixel resolution of
1  1 km and cut using a mask of mainland China in order to keep the
same resolution and geographic extent with other layers.
The monthly maximum normalized difference vegetation index
values (NDVI) were drawn from the same source as the land cover
layer. All the raster layers with the original geographic extent of
China were further extracted by the mask of Shandong Province to
build the database of Shandong, which was used to train the model.
Both the variable sets of Shandong Province and mainland China
were converted to the ASCII raster data format required by MaxEnt
using ArcGIS 9.3.
2.3. Training model construction
MaxEnt is a machine learning approach that is suitable for
presence-only datasets to model the potential distributions of
species.21,22 It utilizes a maximum entropy algorithm to estimate
the probability distribution of a species.15,24 We used the program
MaxEnt version 3.3.3k (http://www.cs.princeton.edu/schapire/
maxent/) to build the training model for SFTS in Shandong
Province. Within MaxEnt processing, 312 occurrence locations
were partitioned as follows: 75% (234 locations) were randomly
selected for constructing the model and the remaining 25% (78
locations) were set aside for external validation. To obtain a robust
model, we developed 10 replicated models based on independent
random partitions, and we used the median output grids as the
ﬁnal predictive potential high risk map of SFTS and imported it into
ArcGIS 9.3 to visualize the risk map.
Response curves outputted from MaxEnt 3.3.3k were used to
elucidate the range of each environmental condition that was
suitable to the occurrence of SFTS. Furthermore, the logistic output
format of the predictive map with probability values ranging from
0 (impossible occurrence area) to 1 (optimal occurrence area) was
used to visualize the potential risk of SFTS. The ‘balanced’ threshold
value was chosen as the risk cut-off distinguishing potential
presence areas from potential absence areas.15,22,24,25
2.4. Model evaluation
The threshold-dependent binomial test using the extrinsic
omission rate as statistic was performed to detect the statistical
Figure 1. Spatial distribution of reported SFTS cases in Shandong Province from January 2010 to April 2013.
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further used to assess the relative importance of individual
environmental variables to the ecological niche of SFTS.26 The
program also calculated the percentage contribution of each
variable to the MaxEnt model. Finally, the area under the receiver
operating characteristic curve (AUC) was used to evaluate the
prediction performance of the model.24–28
2.5. Model projection and its further assessment
A potential high risk map of China was created by projecting the
training model obtained from Shandong Province onto the whole
country. Furthermore, the performance of the model was evaluated
using the locations of known disease occurrence in China.
3. Results
3.1. Spatial distribution of SFTS in Shandong Province
From January 2010 to April 2013, a total of 416 SFTS cases were
reported in Shandong Province, with an average annual incidenceTable 1
The suitable range and relative importance of each environmental condition to the occ
Variable Description (unit) Su
m_tem Annual mean temperature (0.1 8C) 11
v_prec01 January mean precipitation (0.1 mm) 55
landcover Land cover type 14
m_tem07 July mean temperature (0.1 8C) 23
m_tem01 January mean temperature (0.1 8C) 
NDVI Normalized difference vegetation index 0.
h_sun Annual mean solar radiation hours (0.1 h) 21
m_rhum07 July mean relative humidity (1%) 82
m_rhum Annual mean relative humidity (1%) 66
m_prs Annual mean pressure (0.1 hPa) 97
v_prec Annual mean precipitation (0.1 mm) 64
m_rhum01 January mean relative humidity (1%) 51
v_prec07 July mean precipitation (0.1 mm) 22
alt Altitude (1 m) 80
m_vaprs Annual mean vapor pressure (0.1 hPa) 10
a The suitable range of each variable indicates the conditions within which the prob
b The jackknife rank was determined by the rank of training model gains when usin
c The percentage contribution illustrates the relative contributions of the environment
runs.
d 140: closed to open (>15%) herbaceous vegetation (grassland, savannas, or lichensof 0.14 per 100 000 population; the average case fatality rate was
13.52%. The spatial database consisted of 312 occurrence locations
of SFTS within Shandong Province (see Figure 1).
3.2. The suitable range of environmental factors for the occurrence of
SFTS
Table 1 lists the suitable range of each environmental factor
for the occurrence of SFTS, with 0.5, the logistic output
probability of SFTS presence, as the cut-off. As examples,
Figure 2 shows the response curve for annual mean temperature
(Figure 2A), January mean precipitation (Figure 2B), NDVI
(Figure 2C), and altitude (Figure 2D). This suggests the suitable
range of (1) annual mean temperature to be 11.6 8C to 12.8 8C,
(2) January mean precipitation to be 5.5 mm to 7.8 mm, (3) NDVI
to be 0.32 to 0.75, and (4) altitude to be 80 m to 420 m. The
suitable ranges for other factors are shown in Table 1. This
indicates that the occurrence of SFTS has a speciﬁc ecological
niche with multi-dimensional environmental factors playing
roles in the disease transmission cycle.urrence of severe fever with thrombocytopenia syndrome (SFTS)
itable rangea Jackknife rankb Percent contributionc
6–128 1 26.8
–78 4 17
0, 190, 200d 11 11.4
0–257 3 8.4











ability of SFTS occurrence is higher than 50%.
g each variable in isolation.
al variables to the ﬁnal training MaxEnt model using the averages of the repeated 10
/mosses); 190: artiﬁcial surfaces and associated areas; 200: bare areas.
Figure 2. Response curves for variables. (A) Response curve for annual mean temperature. (B) Response curve for January mean precipitation. (C) Response curve for the
normalized difference vegetation index (NDVI). (D) Response curve for altitude.
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occurrence of SFTS
The relative importance of environmental factors for the
occurrence of SFTS based on the Jackknife test and the percentage
contribution to the model are shown in Figure 3 and Table 1. The
ﬁrst six factors covered 84.1% cumulative contribution to the
model, indicating that the key environmental factors determining
SFTS occurrence are annual mean temperature, January mean
precipitation, land cover, July mean temperature, January mean
temperature, NDVI, and annual mean duration of sunshine.
3.4. Model evaluation
Table 2 shows the omission rate with the p-value calculated by
binomial omission tests, as well as the AUC of the training model
and testing model. All 10 of the data partitions were highly
statistically signiﬁcant, and the AUCs for all 10 training models
were higher than 0.90, and for the testing model were higher than
0.85. This suggests that both the training model and the testing
model had good performance in predicting the potential areas of
high SFTS risk.
3.5. Visualization of the potential risk areas of SFTS in Shandong and
China
Figure 4 shows the predicted potential risk map of SFTS in
Shandong Province, with 0.065, the logistic output probability, as
risk cut-off; high consistency with the known occurrence of SFTS
was revealed. Figure 5 shows the potential high risk map of SFTS inChina, and Figure 6 shows the known occurrence of the disease in
China. The potential high risk areas for SFTS are mainly distributed
in central, southwestern, northeastern, and the eastern coast of
China. Among the predicted high potential risk areas, most were
conﬁrmed by the known occurrence of SFTS from the national
CISDCP surveillance system, while several predicted high potential
risk areas remain to be conﬁrmed in the future.
4. Discussion
As a disease of natural focus, the occurrence of SFTS depends
mainly on the environmental factors that determine the distribu-
tion of vectors (tick) and animal hosts.29 It is, therefore, feasible to
predict the areas of potential high risk for SFTS using environmen-
tal factors. In this study, the MaxEnt ecological niche model was
used ﬁrst to ﬁt the spatial SFTS occurrence data and environmental
data to predict the potential risk area in Shandong. The model was
then projected onto the whole country to predict the potential high
risk areas for China. The model indicated the key environmental
factors for the occurrence of SFTS to be temperature, precipitation,
land cover, NDVI, and duration of sunshine, with speciﬁc suitable
ranges (Table 1 and Figure 3).
Epidemiological surveillance has shown that temperature and
precipitation affect the distribution of tick-borne diseases,30,31 and
the majority of human SFTS cases have been farmers in wooded
and hilly areas.1,3,32–34 From the model, we found that an annual
mean temperature within 11.6–12.8 8C, a July mean temperature
within 23–25.7 8C, a January mean temperature within 2.3 to
1.9 8C, an annual mean precipitation within 640–660 mm, a
January mean precipitation within 5.5–7.8 mm, and a July mean
Figure 3. Results of the Jackknife test of variable importance. The red bar shows the gain when using all variables. For each variable, the light blue bar shows the gain when
that speciﬁc variable is excluded from analysis, and a lower gain indicates that the speciﬁc variable has more information that is not present in other variables. In contrast, the
dark blue bar shows the gain when the speciﬁc variable is used in isolation.
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rence.
Epidemiologically, temperature plays a fundamental role in the
transmission of vector-borne diseases, and can function in several
ways. First, it directly inﬂuences the replication and dissemination
of the pathogen; within a suitable range, the higher the
temperature is, the quicker the virus reproduces, and thus the
fewer times it needs to be transmitted to animals and humans.
Second, it is also a main factor impacting the ecological dynamics
of the virus vectors such as ticks; with a tolerable higher
temperature, the metabolic rate of the ticks increases, the growth
rate accelerates, the fecundity rises, and ﬁnally, the tick population
grows, giving the virus more opportunities to infect its natural
reservoirs and hosts.35,36 Third, temperature affects the behaviors
and ecological characteristics of both wild and domestic hosts as
well—a warmer winter and a colder summer enhances animal
activities, which coincides with our outcomes.
The seasonality and amount of precipitation, together with
temperature, can affect the reproduction, development, behavior,
geographic distribution, and population dynamics of ticks.31,37 It
has been shown that a higher amount of precipitation in theTable 2
Model evaluation results of each single run
Run Training AUC Testing AUC 
1 0.928 0.859 
2 0.927 0.867 
3 0.925 0.883 
4 0.922 0.889 
5 0.922 0.874 
6 0.920 0.901 
7 0.918 0.888 
8 0.917 0.882 
9 0.915 0.907 
10 0.914 0.904 
AUC, area under the curve.summer and lower amount of precipitation in the winter and
spring are positively associated with the duration of peak activity
and the population density of ticks.38 As shown by our response
curves (Figure 2B), there is a favorable range of January
precipitation, with a peak at 6.0 mm, indicating that a value either
too low or too high is not suitable for disease transmission.
The potential risk map for the occurrence of SFTS in China
indicates that the broad central, southwestern, northeastern, and
the eastern coast of China are high risk regions. Although 11
provinces have reported the occurrence of SFTS (Figure 6), with the
most serious affected regions presently in Henan, Hubei, and
Shandong contributing 85.79% of the total nationwide cases
cumulatively,3 there are many identiﬁed potential risk regions that
have not reported SFTS cases to date, including Heilongjiang, Jilin,
Xinjiang, Xizang, Sichuan, Hunan, and Guangdong. Therefore,
epidemiological surveillance should be conducted in these areas.
What must be clariﬁed is that the predicted SFTS endemic
regions are potential high risk areas rather than actual or realized
SFTS occurrence locations. For these risk regions with no reported
cases, it is likely that they lack the vectors or reservoir animals of















Figure 4. Predicted potential high risk areas for SFTS in Shandong Province. Green shading represent areas that are unsuitable for the occurrence of SFTS. Points represent
locations from which SFTS cases have been reported.
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insufﬁcient time for the virus to reach these areas or to establish
itself in the local vector populations and reservoirs. What must also
be mentioned is that SFTS is a disease without speciﬁc clinical
manifestations and it is easily misdiagnosed as human anaplas-
mosis, hemorrhagic fever with renal syndrome, or leptospirosis.1,3
Upon closer examination, we noticed that these areas are all less
developed regions compared with the provinces in central and
eastern China; these regions have less experienced medical staff
and less advanced laboratory equipment, which is essential for the
ﬁnal diagnosis, especially in rural clinics, thus reliable diagnostics
are difﬁcult to obtain. Furthermore, considering the lower human
population density in these areas, there is a high possibility that
SFTSV has fewer opportunities for transmission to residents in
these regions, even though the ecological conditions are favorable
to disease occurrence.Figure 5. Predicted potential highThe ecological niche model has been shown in previous
applications to be an effective and robust approach to identifying
the potential risk areas of a disease and the optimal ecological
conditions under which the disease is most likely to occur.39–44
Among the numerous ecological niche methods, MaxEnt has been
identiﬁed as the best algorithm.21,45 It is also noteworthy that
unlike modeling the ecological niche of a single species, the
prediction of the potential distribution of human disease is a much
more complex task, as the transmission cycles of diseases are
composite phenomena containing the interaction between several
species: pathogens, vectors, natural reservoirs, and the host.11,46
Ecological variables may affect disease occurrence by acting on
every component in the overall disease transmission system. Thus,
using the human cases as an integration of the entire disease
transmission cycle, the ENM functioned as a ‘black box’ method to
predict the potential area at risk of disease. risk areas for SFTS in China.
Figure 6. Spatial distribution of reported occurrences of SFTS in China. Red areas represent the provinces that have reported at least one SFTS case to date.
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consideration. There are, however, other factors that should be
considered when predicting the possibility of SFTS occurrence in
an area: vector abundance, the distribution of potential reservoir
animals, human population densities, international travel and
trade, etc. In addition, predictions made from models can never
provide a complete substitute for detailed ﬁeld data, thus, to test
the prediction result of our model, surveillance in those places
predicted to be at high risk for SFTS occurrence but without
recorded human cases to date should be enhanced.
Our study has successfully constructed an accuracy model to ﬁll
gaps in our knowledge regarding the potential geographical
distribution and optimal ecological conditions of SFTS. What is
more, our models may also offer a contribution to the determina-
tion of potential natural reservoirs in future research, given the
assumption that the endemic human disease distribution is likely
to parallel the distributions of dominant vectors and reservoirs.
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